Coherent X-radiation of relativistic electrons in a single crystal under asymmetric reflection conditions by Blazhevich, S. V. & Noskov, A. V.
Available online at www.sciencedirect.comwww.elsevier.com/locate/nimb
Nuclear Instruments and Methods in Physics Research B 266 (2008) 3770–3776
NIMB
Beam Interactions
withMaterials &AtomsCoherent X-radiation of relativistic electrons in a single crystal
under asymmetric reﬂection conditions
S.V. Blazhevich a,*, A.V. Noskov b
aBelgorod State University, Department of Mathematics and Information Technologies, 14 Studehcheskaya Strasse, 308007 Belgorod, Russia
bBelgorod University of Consumer Cooperatives, Belgorod, Russia
Received 26 October 2007; received in revised form 26 December 2007
Available online 11 January 2008Abstract
Coherent X-radiation of a relativistic electron crossing a single crystal plate with constant speed is considered in the two-wave approx-
imation of the dynamic diﬀraction theory [Z. Pinsker, Dynamical Scattering of X-rays in Crystals, Springer, Berlin, 1984] in a Laue
geometry. Analytical expressions describing the spectral-angular distribution of parametric X-radiation (PXR) and diﬀracted transition
radiation (DTR) formed on a system of parallel atomic planes situated at an arbitrary angle d to the surface of the crystal plate (asym-
metric reﬂection) are derived. The dependences of the PXR and DTR spectral-angular density and their interference with angle d are
studied.
 2008 Published by Elsevier B.V.
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When a fast charged particle crosses a single crystal
plate, its Coulomb ﬁeld scatters on the set of parallel
atomic planes of the crystal, giving rise to X-radiation
(PXR) [2–4]. Nowadays there are two approaches to
describe PXR, the kinematic [5,6] and dynamic [3,4,6]
approaches. The kinematic approach takes into account
the interaction of each atom only with the primary or
refracted wave in the crystal. In contrast to the dynamic
approach, the interaction of an atom with the wave ﬁeld,
formed in a crystal by the total scattering on all other
atoms is neglected. That is, multi-wave scattering is not
taken into account, in particular the interaction of the ele-
mentary modes with the diﬀracted wave. The dynamic
approach was developed in [7,8] and eﬀects have recently0168-583X/$ - see front matter  2008 Published by Elsevier B.V.
doi:10.1016/j.nimb.2008.01.003
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ru (A.V. Noskov).been considered in [9–11], where the scheme of symmetric
reﬂection was studied. In symmetric reﬂection in a Bragg
scattering geometry the crystal plate surface is parallel to
the set of diﬀracting atomic planes and in a Laue scattering
geometry it is perpendicular. Asymmetric reﬂection in PXR
in a Bragg scattering geometry was considered in [12], in
transition radiation (TR) and diﬀracted transition radia-
tion (DTR) in [13,14].
In the present work coherent X-radiation by a relativis-
tic electron crossing a single crystal plate in a Laue geom-
etry is researched. Expressions are obtained for the
spectral-angular distribution of PXR, DTR as well as a
description of the interference between these two radiation
mechanisms in the general case of asymmetric reﬂection.
The distinctive feature of these expressions is that they take
into account the orientation of the atomic planes of the
crystal relative to plate surface (angle d). Under a ﬁxed rel-
ativistic electron incident angle (hB) to the set of parallel
atomic planes of the crystal, the decrease of angle d causes
a widening of the PXR spectrum and a resultant increase of
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ence of reﬂection asymmetry on the angular density of
DTR and interference of PXR and DTR on the summary
angular density of radiation is also studied.
2. Radiation spectral-angular distribution
Let us consider the radiation of a fast charged particle
crossing a single crystal plate with a steady speed V
(Fig. 1). For this purpose, we will consider the equations
for the Fourier image of the electromagnetic ﬁeld
Eðk;xÞ ¼
Z
dtd3rEðr; tÞ expðixt  ikrÞ: ð1Þ
Since the Coulomb ﬁeld of an ultrarelativistic particle
can be accepted as transverse, the incident E0(k,x) and
diﬀracted Eg(k,x), electromagnetic waves are deﬁned by
two amplitudes with diﬀerent values of transverse polari-
zation
E0ðk;xÞ ¼ Eð1Þ0 ðk;xÞeð1Þ0 þ Eð2Þ0 ðk;xÞeð2Þ0 ;
Egðk;xÞ ¼ Eð1Þg ðk;xÞeð1Þ1 þ Eð2Þg ðk;xÞeð2Þ1 :
ð2Þ
The unit vectors of polarization eð1Þ0 , e
ð2Þ
0 , e
ð1Þ
1 and e
ð2Þ
1 are
chosen in the following way. Vectors eð1Þ0 and e
ð2Þ
0 are per-
pendicular to vector k, and vectors eð1Þ1 and e
ð2Þ
1 are perpen-
dicular to vector kg = k + g. Vectors e
ð2Þ
0 , e
ð2Þ
1 are situated
on the plane of vectors k and kg (p-polarization) and e
ð1Þ
0 ,
e
ð1Þ
1 are perpendicular to this plane (r-polarization); g is
vector of the reciprocal lattice, deﬁning a set of reﬂecting
atomic planes. The system of equations for the Fourier
transform images of the electromagnetic ﬁeld in a two-
wave approximation of dynamic theory of diﬀraction has
the following form [15]:Fig. 1. Radiation process geometry.ðx2ð1þ v0Þ  k2ÞEðsÞ0 þ x2vgCðsÞEðsÞg
¼ 8p2iexhVP ðsÞdðx kVÞ;
x2vgC
ðsÞEðsÞ0 þ ðx2ð1þ v0Þ  k2gÞEðsÞg ¼ 0;
8><
>: ð3Þ
where vg, vg are the factors in the expansion of the dielec-
tric susceptibility in the Fourier series by reciprocal lattice
vectors g
vðx; rÞ ¼
X
g
vgðxÞeigr ¼
X
g
ðv0gðxÞ þ iv00gðxÞÞeigr: ð4Þ
We consider a crystal with the central symmetry
(vg = vg). v0g is deﬁned by the expression
v0g ¼ v00ðF ðgÞ=ZÞðSðgÞ=N 0Þ exp 
1
2
g2u2s
 
; ð5Þ
where v0 ¼ v00 þ iv000 is the average dielectric susceptibility,
F(g) is the form factor of an atom containing Z electrons,
S(g) is the structure factor of a low-level cell containing
N0 atoms, us is the mean-square amplitude of thermal
atomic oscillations. In the present work the X-radiation
frequency region is ðv0g < 0; v00 < 0Þ.
The values C(s) and P(s) are deﬁned in the set (3) as
CðsÞ ¼ eðsÞ0 eðsÞ1 ; Cð1Þ ¼ 1; Cð2Þ ¼ cos 2hB;
P ðsÞ ¼ eðsÞ0 ðl=lÞ; P ð1Þ ¼ sinu; P ð2Þ ¼ cosu;
ð6Þ
where l = k  xV/V2 is the virtual photon momentum
vector component perpendicular to the particle velocity
vector V (l = xh/V, where h 1 is the angle between vec-
tors k and V), hB is the angle between the electron velocity
and a set of atomic planes in the crystal (Bragg angle), u is
the azimuth angle, counted from the plane formed by vec-
tors V and g, the value of reciprocal lattice vector is shown
by expression g = 2xBsinhB/V, xB is the Bragg frequency.
The angle between vector xV
V 2
þ g and the diﬀracted wave
vector kg is deﬁned as h0. Equations set (3) under s = 1 de-
scribes the ﬁelds of r-polarization, and under s = 2 the
ﬁelds of p-polarization.
Let us solve the dispersion equation for X-rays in a crys-
tal following from equations set (3):
ðx2ð1þ v0Þ  k2Þðx2ð1þ v0Þ  k2gÞ  x4vgvgCðsÞ
2 ¼ 0;
ð7Þ
using standard methods of dynamic theory [1].
Let us now search for the wave vector projections k and
kg to the x axis, coinciding with the vector n (see Fig. 1) as
kx ¼ x cosw0 þ
xv0
2 cosw0
þ k0
cosw0
;
kgx ¼ x coswg þ
xv0
2 coswg
þ kg
coswg
: ð8Þ
For this purpose we use the well-known relation, connect-
ing dynamic addition agents k0 and kg for X-rays [1]
kg ¼ xb
2
þ k0
cg
c0
; ð9Þ
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 
, a ¼ 1x2 ðk2g  k2Þ, c0 = cosw0,
cg = coswg, w0 is the angle between the incident wave vector
k and the vector normal to the plate surface n, wg is the an-
gle between the wave vector kg and the vector n (see Fig. 1).
The modules of the vectors k and kg are
k ¼ x
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ v0
p
þ k0; kg ¼ x
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ v0
p
þ kg: ð10Þ
Let us substitute Eq. (8) into (7), taking into account Eq.
(9), kk  xsinw0 and kgk  xsinwg. As a result, we will ob-
tain the expression for the dynamic addition agents
kð1;2Þg ¼
x
4
b
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b2 þ 4vgvgCðsÞ
2 cg
c0
r 
;
kð1;2Þ0 ¼ x
c0
4cg
b
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b2 þ 4vgvgCðsÞ
2 cg
c0
r 
: ð11Þ
As jk0j  x, jkgj  x, we can show that h  h0 (see Fig. 1),
and so later on h will be used for all occasions.
It was suitable for us to express the solution of equations
set (3) for the diﬀracted ﬁeld in a crystal as
EðsÞcrg ¼ 
8p2ieV hP ðsÞ
x
 x
2vgC
ðsÞ
4
c2
0
c2g
kg  kð1Þg
 
kg  kð2Þg
  d xb
2
þ cg
c0
k0  kg
 
þ EðsÞð1Þdðkg  kð1Þg Þ þ EðsÞ
ð2Þ
dðkg  kð2Þg Þ
ð12Þ
where k0 ¼ x c2þh
2v0
2
 
, c ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 V 2
p
is the Lorenz factor
of the particle and EðsÞ
ð1Þ
and EðsÞ
ð2Þ
are free ﬁelds, corre-
sponding to two solutions (11) of the dispersion equation
(7).
The solution of equations set (3) for the ﬁeld located in a
vacuum forward of the crystal will be
EðsÞvac0 ¼
8p2ieV hP ðsÞ
x
1
v0  2x k0
dðk0  k0Þ
¼ 8p
2ieV hP ðsÞ
x
 1
c0
cg
v0  2x c0cg kg þ b
c0
cg
  d xb
2
þ cg
c0
k0  kg
 
:
ð13Þ
Here the relation dðk0  k0Þ ¼ 1c0
cg
d xb
2
þ cgc0 k0  kg
 
follow-
ing from Eq. (9) is used. For the ﬁeld in a vacuum behind
the crystal plate:
EðsÞvacg ¼ EðsÞRadg d kg þ
xv0
2
 
; ð14Þ
where E(s)Rad is the radiation ﬁeld.
From the second equation of equations set (3) follows
the expression connecting the diﬀracted and incident ﬁelds
in the crystal:EðsÞcr0 ¼
2xkg
x2vgC
ðsÞ E
ðsÞcr
g : ð15Þ
By using the standard boundary conditionsZ
EðsÞvac0 dkg ¼
Z
EðsÞcr0 dkg;
Z
EðsÞcrg e
i
kg
cg
L
dkg
¼
Z
EðsÞvacg e
i
kg
cg
L
dkg;
Z
EðsÞcrg dkg ¼ 0; ð16Þ
we will obtain the expression for the radiation ﬁeld divided
into two items:
EðsÞRadg ¼ EðsÞPXRg þ EðsÞDTRg ; ð17aÞ
EðsÞPXRg ¼
8p2ieV hP ðsÞ
x
x2vgC
ðsÞ
2x kð1Þg  kð2Þg
 
c0
cg
 x
2 c0cg k

g  kð2Þg
  x
2k0
0
@
1
A 1 eikgkð2Þgcg L
 !24
 x
2 c0cg ðk

g  kð1Þg Þ
 x
2k0
0
@
1
A 1 eikgkð1Þgcg L
 !35ei xv02 þkgð Þ Lcg ;
ð17bÞ
EðsÞDTRg ¼
8p2ieV hP ðsÞ
x
 x
2vgC
ðsÞ
2x kð1Þg  kð2Þg
 
c0
cg
x
xv0  2k0
þ x
2k0
 
 ei
kgk
ð1Þ
g
cg
L  ei
kgk
ð2Þ
g
cg
L
 !
e
i
xv0
2 þkgð Þ Lcg ; ð17cÞ
where kg ¼ xb2 þ
cg
c0
k0.
Eq. (17b) describes the ﬁeld of PXR, where the ﬁrst
branch of PXR is the more substantial because the real part
of the denominator corresponding to this branch can
become zero ðRe ðkg  k1gÞÞ ¼ 0Þ but the one corresponding
to the second branch cannot ðRe ðkg  k2gÞ 6¼ 0Þ.
Eq. (17c) describes the ﬁeld of DTR, which appears as
a result of diﬀraction of transition radiation, originating
from the entrance surface of the crystal plate, on the same
set of atomic planes in the crystal, which gives rise to
PXR.
By substitution of Eq. (11) into (17b) and (17c), and by
keeping only the ﬁrst branch PXR and by using the well-
known expression for the X-radiation spectral-angular
density [15]
d2W
dxdX
¼ x2ð2pÞ6
X2
s¼1
jEðsÞRadj2; ð18Þ
we obtain the formulae for the spectral-angular density of
PXR, DTR and for the result of interference between these
mechanisms:
x
d2N ðsÞPXR
dxdX
¼ e
2
4p2
h2P ðsÞ
2
ðh2 þ c2  v00Þ2
1
KðsÞ
nðsÞðxÞ  iqðsÞð1eÞ
2
 KðsÞ
rðsÞ  iqðsÞð1þeÞ
2e þ n
ðsÞðxÞKðsÞ
e
1 eibðsÞ rðsÞiq
ðsÞð1þeÞ
2e þ
nðsÞðxÞKðsÞ
e
  					
					
2
; ð19aÞ
x
d2N ðsÞDTR
dxdX
¼ e
2
4p2
h2P ðsÞ
2 1
h2 þ c2 
1
h2 þ c2  v00
 !2
eib
ðsÞ rðsÞiqðsÞð1þeÞ2e þ
nðsÞðxÞKðsÞ
e
 
 eibðsÞ rðsÞiq
ðsÞð1þeÞ
2e þ
nðsÞðxÞþKðsÞ
e
 
KðsÞ
e
						
						
2
; ð19bÞ
x
d2N ðsÞINT
dxdX
¼ e
2
2p2
h2P ðsÞ2
ðh2 þ c2  v00Þ
1
h2 þ c2 
1
h2 þ c2  v00
 !
e
jKðsÞj2 Re
nðsÞðxÞ  iqðsÞð1eÞ
2
 KðsÞ
rðsÞ  iqðsÞð1þeÞ
2e þ n
ðsÞðxÞKðsÞ
e
 
 1 eibðsÞ rðsÞiq
ðsÞð1þeÞ
2e þ
nðsÞðxÞKðsÞ
e
  
eib
ðsÞ rðsÞþiqðsÞð1þeÞ2e þ
nðsÞðxÞKðsÞ
e
 
 eibðsÞ rðsÞþiq
ðsÞð1þeÞ
2e þ
nðsÞðxÞþKðsÞ
e
  
; ð19cÞ
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ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nðsÞðxÞ2 þ e 2iqðsÞ ð1 eÞ
2
nðsÞðxÞ þ jðsÞe
 
 qðsÞ2 ð1 eÞ
2
4
þ jðsÞ2e
 !vuut ;
nðsÞðxÞ ¼ a
2jv0gjCðsÞ
 v
0
0ð1 eÞ
2jv0gjCðsÞ
¼ gðsÞðxÞ þ ð1 eÞ
2mðsÞ
;
mðsÞ ¼ jv
0
gjCðsÞ
jv00j
; qðsÞ ¼ v
00
0
jv0gjCðsÞj
;
gðsÞðxÞ ¼ a
2jv0gjCðsÞ
¼ 2 sin
2 hB
V 2jv0gjCðsÞ
1 xð1 h cosu cot hBÞ
xB
 
;
e ¼ cg
c0
; jðsÞ ¼ v
00
gC
ðsÞ
v000
;
rðsÞ ¼ 1jv0gjCðsÞ
ðh2 þ c2  v00Þ; bðsÞ ¼
xjv0gjCðsÞ
2
L
c0
:
ð20ÞKðsÞ

is the complex conjugate to K(s). The parameter b(s)
deﬁnes the role of the electron path length in the crystal
L/c0 in the radiation process. Since the inequality
2 sin2 hB=V 2jv0gjCðsÞ  1 holds true in the X-ray frequency
region, the quantity g(s)(x) depends strongly on x. There-
fore, the g(s)(x) is convenient to use as the spectral variable
for further analysis of PXR and DTR.
Let us note that the value nðsÞðxÞ ¼ gðsÞðxÞ þ ð1eÞ
2mðsÞ enters
into the expressions instead of g(s)(x), where the second
term appears due to the refraction eﬀect under asymmetric
reﬂection. In the symmetric case (e = 1) this term becomes
zero.
Let us present the parameter e in a functional form
e = sin(d + hB)/sin(d  hB), where d is the angle between
the entrance plate surface and the crystal plane. For an
increase of angle d the parameter e increases and vice versa.
The expressions for the spectral-angular density of PXR
and DTR are obtained on the basis of a two-wave approx-
imation of dynamic diﬀraction theory, taking into account
absorption of the radiation in matter and free orientation
of the system of diﬀracting parallel atomic planes in the
crystal to the external surface of the plate (angle d).In particular, when the crystal atomic planes are perpen-
dicular to entrance surface of the plate (d = p/2, e = 1),
Eqs. (19a) and (19b) turn into expressions obtained in [9].
3. Spectral-angular density of PXR and DTR in a thin non-
absorbing crystal
Let us consider a thin non-absorbing crystal. Assuming
in Eq. 19 qðsÞ ¼ v000jv0g jCðsÞ ¼ 0, we obtain the following expres-
sion for the spectral-angular density of radiation:
x
d2N ðsÞ
dxdX
¼ e
2P ðsÞ2
2p2jv00j
ðF ðsÞPXR þ F ðsÞDTR þ F ðsÞINTÞ ð21Þ
F ðsÞPXR ¼
h2
jv0
0
j
h2
jv0
0
j þ 1c2jv0
0
j þ 1
 2 nðsÞﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nðsÞ
2 þ e
q  1
0
B@
1
CA
2

1 cos bðsÞ rðsÞ þ nðsÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nðsÞ
2þe
p
e
  
rðsÞ þ nðsÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nðsÞ
2þe
p
e
 2 ; ð21aÞ
3774 S.V. Blazhevich, A.V. Noskov /Nucl. Instr. and Meth. in Phys. Res. B 266 (2008) 3770–3776F ðsÞDTR ¼
h2
v0
0j j
h2
v0
0j j þ
1
c2 v0
0j j þ 1
 2
h2
jv0
0
j þ 1c2jv0
0
j
 2

1 cos 2bðsÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nðsÞ
2þe
p
e
 
nðsÞ
2þe
e2
ð21bÞ
F ðsÞINT ¼
2 h
2
jv0
0
j
h2
jv0
0
j þ 1c2jv0
0
j þ 1
 2
h2
jv0
0
j þ 1c2jv0
0
j
 
 e n
ðsÞ 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nðsÞ
2 þ e
q
nðsÞ
2 þ e
sin
bðsÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nðsÞ
2 þ e
q
e
0
@
1
A

sin bðsÞðrðsÞ þ nðsÞe Þ
 
 sin bðsÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nðsÞ
2þe
p
e
 
rðsÞ þ nðsÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nðsÞ
2þe
p
e
: ð21cÞ
Let us consider the dependence of the spectral-angular
density of PXR on the orientation of the crystal plate sur-
face relative to the set of parallel diﬀracting atomic planes
(deﬁned by the parameter e). We suppose that the angle hB
between the electron velocity and the reﬂecting atomic
planes and also the electron path length in the crystal plate
(L/c0) are ﬁxed. Fig. 2 shows two orientations of the crystal
plate surface from many possible ones, corresponding to a
given ﬁxed length of straight trajectory of relativistic elec-
trons in the crystal plate (e = 1 and e > 1).
It is necessary to note that under these conditions the
thickness of the plate will depend on the parameter
e = e(hB, d). For an increase of e the plate thickness will
decrease and accordingly the path length of photons in
the crystal will decrease.Fig. 2. Symmetric (e = 1) and asymmetric (e > 1) ﬁeld reﬂection.Let us extract from Eq. (21a) the part describing the
PXR spectrum:
P ðsÞPXR ¼
nðsÞﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nðsÞ
2 þ e
q  1
0
B@
1
CA
2

1 cos bðsÞ rðsÞ þ nðsÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nðsÞ
2þe
p
e
  
rðsÞ þ nðsÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nðsÞ
2þe
p
e
 2 ;
nðsÞðxÞ ¼ gðsÞðxÞ þ ð1 eÞ
2mðsÞ
; rðsÞ ¼ 1
mðsÞ
h2
jv00j
þ 1
c2jv00j
þ 1
 
:
ð22Þ
It is evident from Eq. (22), that for a ﬁxed electron energy
and observation angle (ﬁxed r(s)) the increase of e (decrease
of angle d) leads to a widening of the PXR spectrum. This
is explained by the real part of the fraction denominator
Re rðsÞ  iqðsÞð1þeÞ
2e þ n
ðsÞðxÞKðsÞ
e
h i
in Eq. (22) changing more
weakly under changing a quantity n(s)(x) when the value
of e is big. The curves describing the spectrum of PXR,
plotted according to Eq. (22) for ﬁxed electron energy c
and observation angle h, are shown in Fig. 3. As evident
from this ﬁgure the width of spectrum essentially depends
on the parameter e.
Let us consider the angular density of the radiation. For
this purpose, we integrate Eq. (21) over the frequency func-
tion g(s)(x)
dN ðsÞ
dX
¼ e
2mðsÞP ðsÞ
2
4p2 sin2 hB
RðsÞPXR þ RðsÞDTR þ RðsÞINT
 
; ð23Þ
where
RðsÞPXR ¼
Z þ1
1
F ðsÞPXR dg
ðsÞðxÞ; RðsÞDTR ¼
Z þ1
1
F ðsÞDTR dg
ðsÞðxÞ;
RðsÞINT ¼
Z þ1
1
F ðsÞINT dg
ðsÞðxÞ: ð24ÞFig. 3. PXR peak width dependence on parameter e.
Fig. 6. Inﬂuence of PXR and DTR interference on summary angular
density of radiation.
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able increase of the PXR angular density under an in-
crease of reﬂection asymmetry. In the case of an
absorbing crystal this eﬀect becomes stronger because of
the decrease of the photon pass length under an increase
of e (see Fig. 2).
Now let us consider the inﬂuence of the reﬂection asym-
metry on the angular density of DTR and on the interfer-
ence of PXR and DTR. The curves of the dependence of
RðsÞDTR on the parameter h=
ﬃﬃﬃﬃﬃﬃﬃjv00jp are presented in Fig. 5.
They demonstrate the essential increase of the angular den-
sity of DTR under a decrease of angle d.
The curves of dependence RðsÞPXR, R
ðsÞ
DTR, R
ðsÞ
INT and
RðsÞSUMM ¼ RðsÞPXR þ RðsÞDTR þ RðsÞINT on h=
ﬃﬃﬃﬃﬃﬃﬃjv00jp are presented in
Fig. 6, where the summary angular density RðsÞSUMM reﬂects
the eﬀect of interference of these radiation mechanisms.
One can see, that for a large enough energy of the electron,
when the angular density of PXR and DTR become con-Fig. 5. Dependence of DTR angle density on asymmetry.
Fig. 4. Dependence of PXR angle density on asymmetry.gruent quantities, interference can produce oscillations in
the angular distribution of radiation for a certain reﬂection
asymmetry.
4. Conclusions
Analytical expressions of the spectral-angular distribu-
tion of PXR and DTR of a relativistic electron traversing
a single crystal plate of ﬁnite thickness are obtained on
the basis of a two-wave approximation of dynamic diﬀrac-
tion theory in a Laue scattering geometry for the general
case of asymmetrical reﬂection. The expressions derived
contain the angle between the crystal plate surface and
the diﬀracting atomic planes of the crystal (angle d) as
one of the parameters of the theoretical model.
It has been shown that in a thin non-absorbing crystal
under a decrease of angle d, the spectrum of PXR becomes
wider and as a result the PXR angular density essentially
increases. It is shown that angular density of DTR also
essentially increases under a decrease of angle d. The inﬂu-
ence of interference of PXR and DTR on the summary
radiation angular density under conditions of asymmetric
reﬂection are also shown.
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